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Abstract

In this study we have generated a EYFP targeted to the mitochondrial intermembrane space (MIMS-EYFP) to determine for the
first time the pH within this compartment. The fragment encoding HAI-tagged EYFP was fused with the C-terminus of glycerol-
phosphate dehydrogenase, an integral protein of the inner mitochondrial membrane. Human ECV304 cells transiently transfected
with MIMS-EYFP showed the typical mitochondrial network, co-localized with MitoTracker Red. Following the calibration proce-
dure, an estimation of the pH value in the intermembrane space was obtained. This value (6.88 + 0.09) was significantly lower than
that determined in the cytosol after transfection with a cytosolic EYFP (7.59 &+ 0.01). Further, the pH of the mitochondrial matrix,
determined with a EYFP targeted to this subcompartment, was 0.9 pH units higher than that in the intermembrane space. In con-
clusion, MIMS-EYFP represents a novel powerful tool to monitor pH changes in the mitochondrial intermembrane space of live cells.
© 2004 Elsevier Inc. All rights reserved.
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The renewed interest in mitochondria during recent
years derives from recognition of their central role not
only in cell energy production, but also in other impor-
tant processes such as apoptosis and calcium homeosta-
sis. It is widely accepted that the mitochondrial H*
electrochemical potential (Auy-+), generated by electron
transport across the inner membrane coupled to H"

* Abbreviations: BCECF, 2’,7'-bis(2-carboxyethyl)-5(6)carboxy-
fluorescein tetraacetoxy methyl ester; cyt-EYFP, cytosolic EYFP;
EYFP, enhanced yellow fluorescent protein; GPD, glycerol-phosphate
dehydrogenase; IMS, intermembrane space; MIMS-EYFP, EYFP
targeted to mitochondrial intermembrane space; mt-EYFP, EYFP
targeted to mitochondrial matrix; pH;, intracellular pH; AY,,, mito-
chondrial membrane potential; ApH, pH gradient.
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ejection through the redox H* pumps, is used to drive
ATP synthesis by ATP-synthase. Auy+ comprises both
the electrical (A¥,,) and the chemical components of
the H" gradient (ApH). It is well established that under
physiological conditions, AY,, represents the dominant
component of Auy+, whereas the ApH gradient is small.
The relative contribution of A¥Y,, and ApH across the
mitochondrial inner membrane can be changed by redis-
tribution of permeant ions such as phosphate, calcium
or potassium, in the presence of the ionophore
valinomycin.

Determination of AY¥,, and ApH of mitochondria in
intact cells is complex, due to the presence of the plasma
membrane, with its own membrane potential and pH
gradient. AV, can be monitored in situ with cationic
fluorescent dyes that show specificity and sensitivity
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[1]. Attempts carried out to measure matrix pH with
conventional pH-sensitive dyes have been elusive, due
to the difficulty in separating the mitochondrial signal
from its surrounding cytoplasm [2].

One of the most promising tools developed to over-
come this difficulty is represented by the use of recombi-
nant pH-sensitive green fluorescent protein (GFP)
mutants, which can be targeted to different intracellular
compartments. The first of these GFP mutants targeted
to the mitochondrial matrix of living cells was described
in CHO cells [3]. However, expression of the recombi-
nant GFP-mutl did not allow accurate determination
of the pH value of mitochondrial matrix because of its
low pK, [3]. Conversely, the expression of another pH-
sensitive GFP mutant, named enhanced yellow fluores-
cent protein (EYFP), with the amino acid substitutions
S65G/S72A/T203Y, and pK, 7.1, allowed quantitative
determination of changes of mitochondrial matrix pH
in HeLa cells and rat neonatal cardiomyocytes. Indeed,
the resting value (7.98 in HeLa cells and 7.91 in rat neo-
natal cardiomyocytes) rapidly collapsed to about pH 7
by protonophore addition, indicating that this GFP mu-
tant provides a good tool for mitochondrial matrix pH
measurements [4]. Other pH-sensitive GFP mutants
were then developed, some of them also exhibiting spec-
tral features suitable for ratiometric measurements [5-7].

While mitochondrial matrix pH can be monitored
with the GFP mutants described above, the only mea-
surement of pH in the intermembrane space (IMS) has
been reported so far in intact mitochondria, after
entrapping the fluorescent dye FITC—dextran in this
compartment [8]. No measurements of pH in the IMS
are available, however, in situ in intact cells. Histori-
cally, the outer membrane has not been considered a
barrier to transport, due to the open configuration of
the voltage-dependent anion channel (VDAC), a large
diameter channel that is permeable to molecules up to
5kDa [9,10]. Accordingly, it is generally assumed that
the pH of this compartment is close to that of cytosol,
although the hypothesis of a barrier to proton diffusion
across the outer membrane has been proposed [8].
Moreover, IMS might be influenced by pH changes
occurring in the matrix as a result of variations of mito-
chondrial volume or A¥,,,, and/or in cytosol by the pres-
ence of H" microdomains generated by other organelles,
such as lysosomes/endosomes, or by the activity of plas-
ma membrane H' transporters.

In this study, we have generated a EYFP targeted to
IMS (MIMS-EYFP) to determine for the first time the
pH within this mitochondrial compartment in intact cells.
The choice of a GFP mutant with a pK,, value around 7 as
a suitable pH sensor in this compartment derives from the
assumption that the pH of IMS is close to that of cytosol.
In addition, the pH value of the cytosol has been also
determined with both cytosolic EYFP and the conven-
tional pH-sensitive dye BCECF. The results presented

demonstrate that in ECV304 cells the pH of the cytosol
was remarkably different from that of the IMS.

Materials and methods

Materials. MitoTracker Red CMX-Ros and 2’,7'-bis(2-carboxy-
ethyl)-5(6)carboxyfluorescein tetraacetoxy methylester (BCECF/AM)
were purchased from Molecular Probes (Eugene, OR, USA); rotenone,
oligomycin, monensin, and nigericin were from Sigma (St. Louis, MO,
USA).

Construction of MIMS-EYFP. MIMS-EYFP has been constructed
using the same cloning strategy employed for MIMS-aequorin [11].
Briefly, the Clal/EcoR1 fragment encoding HAI-tagged EYFP was
generated by amplifying EYFP, using as template pEYFP-Tubulin
(Clontech, Palo Alto, CA, USA) and primers Cla-F (5'-CC ATC GAT
TAT GAT GTT CCT GAT TAT GCA AGC TTA ATG GTG AGC
AAG GGC GAG GAG-3') and EcoRI-R (5-GAA TTC GAA TTC
TTA CTT GTA CAG CTC GTC-3'). This fragment was inserted
downstream of the internal Clal site of the glycerol-phosphate dehy-
drogenase (GPD) cDNA and the recombinant protein was produced in
Escherichia coli (MC1061). By this means, the two cDNAs were fused
in-frame, and thus the encoded polypeptide includes aa 1-626 of GPD,
the 9aa HAI tag, and EYFP.

Cell cultures and transient transfection. ECV304 cells were grown in
M199 medium supplemented with 10% foetal bovine serum (FBS),
2 mM L-glutamine, 100 U/ml penicillin, and 100 pg/ml streptomycin.
Cells were seeded on the glass coverslips (24 mm), grown to approxi-
mately 50-60% confluence, and then transiently transfected with 4 pg
DNA plasmid of MIMS-EYFP, 8 ug DNA plasmid of cytosolic
(cyt-EYFP) and of mitochondrial matrix-targeted EYFP (mt-EYFP),
in which the mitochondrial presequence of subunit VIII of cytochrome
¢ oxidase was fused to the EYFP cDNA. Cell transfection was carried
out with the calcium-phosphate method [12].

Fluorescence microscopy. The imaging system was composed of an
inverted epifluorescence microscope Nikon Eclipse 300 (Nikon Europe
B.V., Badhoeverdorp, NL), with a back-illuminated CCD camera
(Princeton Instruments, Trenton, NJ, USA) and acquisition/analysis
software Metamorph/Metafluor (Universal Imaging, Downingtown,
PA, USA), as described in [13]. Wavelength selection was accom-
plished using a dedicated YFP filter set (excitation, 488 £ 20 nm;
emission, 500 + 20 nm, Chroma Technologies, Brattleboro, VT, USA).
The sensitivity of the camera results in reduction of the time of
exposure to 50-100 ms. Under these conditions prolonged experiments
can be carried out with a modest bleaching of the fluorophore (e.g.,
<20% in 5 min experiment with image acquisition at 1-to 2-s intervals).
Cells were viewed with a 60x 1.4 oil immersion objective (Nikon).

pH determination. Experiments were performed 24-36h after
transfection. The coverslips with the cells were transferred to a per-
fusion chamber on the stage of the digital imaging system and perfused
initially for 1-3 min with a Krebs-Ringer saline solution (KRS) con-
taining: 125 mM NaCl, 5 mM KCI, 5.5 mM b-glucose, | mM CaCl,,
I mM MgSO,, 1 mM K,HPO,, and 20 mM Na-Hepes (pH 7.4).
Fluorescence images of single cell were acquired and regions of the
interest were selected. Changes of fluorescence of these regions with
time were determined by the acquisition/analysis software Metafluor.
The perfusate was then switched to saline solutions with a K™ con-
centration close to the cytosolic concentration (high K saline solu-
tion), containing 125mM KCI, 10 mM NaCl, 5.5 mM b-glucose,
1 mM CaCl,, 1] mM MgSO,4, 1 mM K,HPO,, and 20 mM Na-Hepes,
at pH 6.5, 7.0, 7.5, and 8.0, in the presence of the ionophores nigericin
and monensin (5 pM) to equalize intracellular and extracellular pH. In
some experiments, cytosol pH was also determined with the pH-sen-
sitive dye BCECF/AM, as described in [14].

Mitochondrial morphology. Subcellular localization of MIMS-EYFP
was determined after 24-36 h of transfection, followed by cell loading
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with 10 nM MitoTracker Red, a specific mitochondrial dye, for 30 min
at 37 °C. Mitochondrial morphology was observed with the digital
imaging system described above.

Results and discussion

To obtain a direct measure of pH in IMS, we
constructed a new EYFP chimera, denominated
MIMS-EYFP. To this purpose, the cDNA encoding
HAI-tagged EYFP was fused in-frame with encoding
GPD [15], an integral protein of the inner mitochondrial
membrane, with a large C-terminal tail protruding into
the intermembrane space [16]. A schematic map of the
final construct is shown in Fig. 1A. Based on the topol-
ogy of GPD [16], the EYFP moiety is expected to be ex-
posed in the mitochondrial intermembrane space, as
illustrated in Fig. 1B. ECV304 cells transiently transfec-
ted with MIMS-EYFP exhibited the typical mitochon-
drial pattern diffuse in the cytosol and around the
nucleus (Fig. 1C, panel a) [17,18]. Analysis of the same
cells stained with MitoTracker Red, a specific mitochon-

A MIMS-EYFP
3 pmmal
GPD HAl  EYFP
B cytosof

C MIMS-EYFP MitoTracker-Red

Fig. 1. MIMS-EYFP: structure and mitochondrial localization. (A)
Schematic map of the MIMS-EYFP cDNA, where regions encoding aa
1-626 of GPD, HAI epitope (HAI), and EYFP are shown. (B) Putative
submitochondrial localization of MIMS-EYFP. (C) Fluorescence
images of living ECV304 cells transfected with MIMS-EYFP (panel
a), then incubated for 30 min with 10 nM MitoTracker Red (panel b),
and merge of the two images (panel c). The two probes were selectively
excited at 480 nm (panel a) and 602 nm (panel b). Cells were
transfected and observed with a 40x objective, using a digital imaging
analysis system described in Materials and methods.

drial dye, showed a clear co-localization with MIMS-
EYFP pattern (Fig. 1C, panels b and c).

Quantitative determination of MIMS-EYFP fluores-
cence signal was then carried out in selected areas of
cells (average 5-6 areas per cell). The incubation med-
ium was then switched to a high K™ saline solution, con-
taining 5 pM nigericin and 5 uM monensin, which
equilibrate intra- and extracellular pH. Perfusion with
saline solutions at the indicated pH allowed the con-
struction of the titration curve shown in Fig. 2A. When
the average values of fluorescence in the selected areas
were plotted against pH, the calibration line shown in
Fig. 2B was obtained. A similar calibration was carried
out also in cells transfected with cyt-EYFP and with mt-
EYFP (data not shown). With this calibration, the pH
values obtained were 6.88 + 0.09 (r = 32) in the IMS,
7.78 £0.17 (n=9) in the matrix, and 7.59 £ 0.01
(n = 21) in the cytosol, as illustrated in Fig. 3. Although
during our experiments the chloride concentration was
kept constant, we noticed that fluorescence values at dif-
ferent pHs were not influenced by replacement of chlo-
ride in the medium by gluconate, indicating that, in
contrast to other GFP mutants [19], MIMS-EYFP is
poorly halide sensitive (result not shown).

The cytosol pH value obtained with EYFP is very sim-
ilar to that determined from experiments with the pH-sen-
sitive dye BCECF (7.51 4 0.15, n = 5). These pH values
are significantly higher than those previously reported
by us in ECV304 cells incubated in bicarbonate-buffered
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Fig. 2. In situ titration of fluorescence versus pH in ECV304 cells
expressing MIMS-EYFP. (A) A representative trace of fluorescence
changes of MIMS-EYFP-transfected ECV304 cells incubated with
KRS and then perfused with high K* saline solution containing
nigericin and monensin (5 pM) at the indicated pH is shown (see
Materials and methods for details). (B) Normalized values of fluores-
cence intensity, obtained as described in (A), were plotted against the
pH values of solution. The linear regression coefficient was between
0.95 and 0.97 (n = 30). Data are means + SD of 30 determinations.
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IMS

Fig. 3. Values of pH in the cytosol, IMS, and mitochondrial matrix of
ECV304 cells. ECV304 cells were transfected with cyt-EYFP or
MIMS-EYFP or mt-EYFP, incubated with KRS, and then calibration
of fluorescence intensity was carried out as described in Fig. 2. Values
are means + SD of 21, 9, and 32 determinations, respectively. The
asterisk denotes values significantly different from the pH value of IMS
(P <0.001).

saline solution and kept under 95% air and 5% CO, atmo-
sphere (7.29 +0.04, n=3) [14]. We have previously
shown in other cellular systems that in bicarbonate-buf-
fered media, pH; was about 0.3-0.4 pH unit lower than
in Hepes-buffered media [20].

The response of MIMS-EYFP fluorescence to
changes of IMS pH in vivo was first determined by addi-
tion of 20 mM NH4CI, which caused a rapid rise in fluo-
rescence, due to alkalinization caused by NHj3 transport
and NH;/NH; equilibration (Fig. 4A). After perfusion
without NH4Cl, a prompt acidification was observed,
clearly indicating that MIMS-EYFP fluorescence re-
sponded rapidly to pH changes. Furthermore, pre-incu-
bation with rotenone (2 uM) plus oligomycin (2 pg/ml),
inhibitors of complex I and ATP synthase, respectively,
also induced a significant alkalinization (Fig. 4B). This
result indicates that pH of IMS is significantly influ-
enced by the respiratory chain function.

One important novel finding of this study is that the
pH value of the IMS is significantly lower than that of
the cytosol. Taking into consideration the model of
the internal structure of mitochondria recently proposed
[21], it is apparent that the connection between cristae
and the IMS is limited in extent due to the presence of
cristae junctions with restricted diameter. Cristae junc-
tions thus might restrict diffusion of integral membrane
proteins, creating functional compartments of inner
membrane between the inner boundary membrane and
the cristae membrane [21]. In this regard, it has been
shown that both the respiratory complexes and ATP
synthase are preferentially localized in the cristae, which
therefore represent a subcompartment of the inner mem-
brane specialized for oxidative phosphorylation [22,23].
If the MIMS-EYFP is also mainly localized in the cris-
tae compartment and only to a very low extent in the
inner membrane subcompartment facing the outer mito-
chondrial membrane, it would therefore be more influ-
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Fig. 4. Effect of NH4Cl and mitochondrial inhibitors in ECV304 cells
transfected with MIMS-EYFP. (A) MIMS-EYFP-transfected ECV304
cells were incubated in KRS and then perfused with the same solution
containing 30 mM NH,CI for the time indicated by the grey line. The
experiment is representative of three similar ones. (B) MIMS-EYFP-
transfected ECV304 cells were incubated in KRS in the absence or
presence of 2pM rotenone and 2 pg/ml oligomycin, and then
calibration of fluorescence intensity was carried out as described in
Fig. 2. Data are means & SD of six determinations. The asterisk
denotes a value significantly different from untreated cells (control,
P <0.001).

enced by H" release from the respiratory complexes
within the cristae than by H" changes occurring in the
cytosol. The results presented here are in agreement with
those previously reported in isolated mitochondria,
showing that the IMS pH was 0.4-0.5 lower than the
bulk pH in the incubation medium [8].

Due to the presence of VDAC, it is highly likely that
the protons are at electrochemical equilibrium in the
compartments separated by the outer membrane, also
in the presence of a remarkable pH difference. The
ApH and AY,, might indeed act in opposite directions
to achieve a Donnan electrochemical equilibrium. The
existence of a equilibrium potential across the outer
membrane of mitochondria was proposed years ago by
Colombini [9] due to the VDAC location in this mem-
brane. Indeed, the presence of different charged macro-
molecules, mainly proteins, in the cytosol and IMS
requires that a Donnan potential be established across
the outer membrane. An important implication of our
results is that it is possible for the first time to provide
an estimation of this potential, from the [H"] values in
the two compartments by means of the Nernst equation.
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Interestingly, a value of 43 mV was obtained, which is
very similar to the voltage required in electrophysiologi-
cal experiments to switch the conductance of VDAC
incorporated in a planar membrane from a high to a
low conductance (15-40 mV) [9].

The second relevant finding reported in this study is
the assessment of a significant pH difference between
the compartments delimited by the inner mitochondrial
membrane. A pH difference was obviously expected
according to the chemiosmotic theory predictions. The
magnitude of the mitochondrial proton electrochemical
potential across the inner membrane in isolated rat liver
mitochondria was 200-220 mV. In particular, the AV,
component, determined by tetraphenylphosphonium
distribution, was close to 170 mV, whereas the ApH con-
tribution, assessed by the weak acid acetate distribution,
was <0.5 ApH units [1]. The ApH value measured in this
study between the two compartments is therefore
remarkably higher than expected on the basis of the iso-
lated mitochondria measurements. On the other hand, it
is possible that the value of A¥,, in situ is lower than that
of isolated mitochondria. Unfortunately, this specific is-
sue is difficult to assess, since methods for determination
of A¥,, in intact cells provide only a qualitative evalua-
tion [24]. In vivo, mitochondrial depolarization might
also be the result of the uptake of cations, calcium for in-
stance, leading to compensatory increase of ApH. Final-
ly, we cannot exclude a priori that the pH values
obtained from EYFP measurements might be influenced
by the cell type and/or metabolism (glycolytic versus oxi-
dative). In this regard, studies of overexpression of mito-
chondrial targeted EYFPs in other cell lines and primary
cultures are in progress (to be reported elsewhere).

In spite of the above-illustrated considerations, it is
apparent that MIMS-EYFP represents a powerful tool
that allows for the first time to monitor pH changes in
the mitochondrial IMS of intact live cells. This new
probe has the great advantage to be specifically targeted
to this mitochondrial compartment, where many impor-
tant proteins involved in cell function regulation are
localized. Furthermore, the stability of this protein
and the lack of toxicity make it ideal indicator for a wide
array of cellular applications in vivo. It will be possible
to assess whether some regions of mitochondria are
more active than others in H' translocation and
whether pH changes occur in the IMS after activation
of cell surface receptors or during the onset of apoptosis.
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